The kinetics of the CH 3 OH oxidation reaction at 60°C on well-alloyed platinum-ruthenium supported on carbon (Pt 50 Ru 50 /C) was studied by electrochemical impedance spectroscopy and compared with carbon-supported platinum (Pt/C). The reaction rate of the overall CH 3 OH oxidation increased with increasing electrode potential for both Pt/C and PtRu/C. In the case of Pt/C, when the electrode potential was E ≤ 450 mV vs. RHE only a capacitive behavior was observed. Resistive and pseudo-inductive behaviors were evident above 500 and 600 mV vs. RHE. In the case of PtRu/C, a similar change in behavior was observed, except that the behaviors 
Introduction
Binary PtRu/C is a promising anode catalyst for use in the direct-methanol fuel cell (DMFC) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
A series of reactions takes place on the Pt surface for CH 3 OH oxidation, which can be simplified as below:
CH 3 OH + Pt → CO ad -Pt + 4H + + 4e
- [1] CO ad -Pt + Pt + H 2 O → CO ad -Pt + OH ad -Pt + H + + e -→ 2Pt + CO 2 + 2H + + 2e
- [2] The CO ad oxidation process (Eq. (2)) is postulated to be the rate-determining step. In the case of PtRu, CH 3 OH oxidation can be summarized as below:
CH 3 [4] Ru is widely known as a second metal that promotes the CH 3 OH electro-oxidation [19] .
The promotion effect has been mainly discussed based on the so-called "bifunctional effect" [16, or "ligand effect" [3, [31] [32] [33] [34] 37, or a mixture of both [31] [32] [33] [34] 37, 46, 67, 68] . The bifunctional mechanism, proposed by Watanabe and Motoo [20, 21] , proposes that Ru acts as a promoter for the oxidation of the strongly bound CO ad on Pt by supplying an oxygen source (Ru-OH ad ). According to the ligand effect, the energy level of the catalyst is changed so that the binding strength of CO ad is weakened, thus reducing the oxidation overpotential of the overall CH 3 OH electro-oxidation.
In order to prepare active electrocatalysts, it is important that the fundamental electrocatalytic activity of CH 3 OH and CO ad oxidation is understood. In particular, for understanding reactions with different reaction rates, it is important that the kinetics 3/27 JMF04091 Revised W. Sugimoto et al. of the oxidation of CH 3 OH is characterized. Electrochemical impedance spectroscopy is a powerful method to probe the kinetics of electrochemical reactions and has recently been utilized to understand the anodic processes for CH 3 OH oxidation [68] [69] [70] [71] [72] [73] [74] [75] . Using a membrane electrode assembly (MEA) with H 2 passed on the cathode side (instead of O 2 in DMFC) to act as the counter and reference electrode,
Müller and co-workers examined the reaction kinetics and mass-transport taking place on the DMFC anode [69, 70] . They proposed an equivalent circuit that explains the inductive behavior of the DMFC anode. Using a Pt thin-film electrode in a half-cell configuration, a faradaic impedance model for the CH 3 OH oxidation was developed allowing a quantitative assessment of the change in the impedance behavior as a function of the electrode potential [73] .
In this work, we studied the CH 3 OH oxidation on Pt/C and well-alloyed PtRu/C by electrochemical impedance spectroscopy. The thin film electrode method [76, 77] in a half-cell configuration was employed in this study the intrinsic behavior of the anodic process. Compared to studies with an MEA with H 2 passed on the cathode side, the effect of electrolyte resistance in the impedance data can be avoided and the anodic process can be probed quantitatively. The impedance data were correlated with voltammetry studies of the oxidation pre-adsorbed CO ad . From the above data, the reaction kinetics taking place on Pt and PtRu are evaluated, and the promotion effect of Ru on CH 3 OH oxidation is discussed. into the cell and chronoamperometry was conducted at the desired electrode potential for 30 min to obtain a quasi-steady state. Impedance measurement was conducted immediately after chronoamperometry by sweeping frequencies from 5 000 to 0.050 Hz in a constant voltage mode at an amplitude of 10 mV at the desired electrode potential.
Experimental
The electrode potential was varied from 700 to 400 mV vs. RHE for Pt/C and 550 to 300 mV for PtRu/C.
Results and Discussion
The voltammograms of CO ad oxidation on Pt/C and PtRu/C are shown in Fig. 1 .
The onset of CO ad oxidation is observed at ~600 mV vs. RHE on Pt/C and at ~350 mV vs. RHE, indicating the promotion effect of the CO ad oxidation by the alloying of Ru.
(Eqs. 2 and 4).
The complex-plane impedance plots of Pt/C in 0. implies that the reaction kinetics for Pt/C is comparable to PtRu/C at 200 mV lower potential.
---------- Figure 6 ----------
The voltammograms of CO ad oxidation on Pt/C and PtRu/C (Fig. 1) corresponds well with the electrode potential where the pseudo-inductive behavior was observed;
namely, above 600 mV vs. RHE for Pt/C and above 400 mV vs. RHE for PtRu/C.
The electrode reactions taking place below the CO ad oxidation threshold (below 600 mV vs. RHE for Pt/C and 400 mV vs. RHE for PtRu/C) should involve the oxidation of CH 3 OH without the participation of surface hydroxyls. Therefore, the resistive behavior observed in the impedance data can be recognized as the reaction resistance of CH 3 OH to CO ad (Eqs. 1 and 3).
The methanol oxidation reaction should involve many parallel processes with reaction intermediates. In this study, the impedance data was analyzed assuming two major reactions; namely the CH 3 OH to CO ad and CO ad to CO 2 oxidation reactions.
The impedance data was initially fitted using an equivalent circuit shown in Fig. 7a, where R s , C, R , R 0 , and L are the solution resistance, C is the capacitance, R is the reaction resistance of CH 3 OH to CO ad , R 0 is the reaction resistance of CO ad oxidation, and L is the inductance of CO ad oxidation [70, 73, 74] . Although the inductive behavior could be expressed using this model circuit, a distortion of the spectrum was observed. Such a distortion has been observed previously, and was attributed to the roughness of the catalytic layer or a current constriction effect [70, 73, 74] . A close examination of the high frequency data revealed that the impedance data was 9/27 JMF04091 Revised W. Sugimoto et al.
independent of the electrode potential between 5 kHz to 50 mHz, suggesting that this frequency range is due to a charge transfer process at the outer most surface of the electrode. Thus, a parallel constant-phase element (CPE 1 )-resistor (R ct ) combination was added in series to fit the high frequency impedance data (Fig. 7b) 
----------Figure 8 ----------
The impedance data for the CH 3 OH oxidation (Fig. 3) and CO ad stripping voltammetry on PtRu/C (Fig. 1) Based on in-situ FTIR spectroscopy with the attenuated total reflection technique, Yajima et al. has shown that the CH 3 OH dehydrogenation reaction takes place at an electrode potential as low as 100 mV vs. RHE at room temperature [22] . Since Ru-OH ad is not involved in the dehydrogenation of CH 3 OH (Eq. 4), the increased reaction kinetics in the dehydrogenation of CH 3 OH on PtRu/C compared to Pt/C (Eq. 1)
is likely due to a ligand effect (change in electronic state) or a geometric effect (change in metal-metal distances). The profit of 200 mV in the oxidation of reaction intermediates seems quite large if there is no participation of Ru-OH ad (bi-functional mechanism). Lu and Masel have shown that the ligand effect contributes to only 1/3 to 1/5 of the CO removal in PEFC [78] . Liu and Nørskov suggests that the weaker bonding of CO with Pt on a PtRu surface is the main cause of the Ru promotion effect in PEFC, that is, the ligand effect is the major contribution [79] . Obviously, the 11/27 JMF04091 Revised W. Sugimoto et al.
differences in the experimental protocols must be considered, and factors such as the temperature effect, methanol concentration, catalysts loading, etc. must be considered before a conclusive statement is made on the contribution of the ligand effect for the CH 3 OH → CO ad oxidation reaction. Such issues necessary to understand the CH 3 OH oxidation reaction at low potentials are currently under investigation.
Conclusions
The kinetics of the CH 3 OH on Pt/C and well-alloyed PtRu/C was studied by electrochemical impedance spectroscopy and CO ad stripping voltammetry. The reaction rate of the overall CH 3 OH oxidation was enhanced by alloying Pt and Ru, and 
